One of the flexibility parameters of semi-rigid joints is rotation capacity. Plastic rotation capacity is especially important in plastic design of framed structures. Current design codes, including Eurocode 3, do not posses procedures enabling designers to obtain value of rotation capacity. In the paper the calculation procedure of the rotation capacity for stiffened bolted flush end-plate beam-to-column connections has been proposed. Theory of experiment design was applied with the use of Hartley's PS/DS-P:Ha3 plan. The analysis was performed with the use of finite element method (ANSYS), based on the numerical experiment plan. The determination of maximal rotation angle was carried out with the use of regression analysis. The main variables analyzed in parametric study were: pitch of the bolt "w" (120-180 mm), the distance between the bolt axis and the beam upper edge cg1 (50-90 mm) and the thickness of the end-plate tp (10-20 mm). Power function was proposed to describe available rotation capacity of the joint. Influence of the particular components on the rotation capacity was also investigated. In the paper a general procedure for determination of rotation capacity was proposed.
INTRODUCTION
Traditional design of steel structures was based on the assumption that the connections are either ideally hinged or fully rigid. Nowadays, this concept was changed to a semi-rigid joint design philosophy. The most important data for the analysis and design of frames with semi-rigid joints are the M- curves (moment versus rotation), which represent the joint behaviour. Main joint parameters are: moment resistance, initial stiffness and rotation capacity (Fig. 1) . Plastic rotation capacity of joints plays a very important role in the advanced analysis of steel frames, especially in the plastic analysis of framed structures with semi-rigid connections. The best way to obtain joint characteristics is to conduct experimental tests. In the whole world, hundreds of laboratory tests have been conducted, whose results are collected in the databases [3] , [25] . However, those lab tests results very often do not provide the required data. In the laboratory tests the researchers often concentrated on determining only the joint resistance or/and initial stiffness, but not always on the maximum deformability of joints. Because of measuring difficulties, the rotation angle was not always recorded to the end of the test. Furthermore, laboratory tests are very expensive and time-consuming, therefore, they are conducted mainly for scientific reasons. For the description of joint characteristic few mathematical formulas were used in the following forms: linear, bilinear, multi-linear, polynomial [9] , spline functions, power functions and exponential [26] . Instead of statistical models listed above, mechanical models were used which were the basis for developing component method in the Eurocode 3 [7] . There were also attempts to use artificial neural networks. An extensive description and a summary of proposed methods to forecast joint behaviour can be found in [4] , [8] , [14] , [15] . Currently, numerical analyses used for the forecast of joint behaviour are generally conducted by means of finite element method [11] , [17] . The design procedures given in Eurocode 3 (EN 1993-1-8) allow estimating the moment resistance Mj,Rd and initial stiffness Sj,ini of the bolted joints, but there is not enough information for the calculation of a connection rotation capacity Фcd. There are only qualitative descriptions of rotation capacity of selected connection types. The previous analysis of rotation capacity was carried out with the use of component method [2] , [16] , [24] , probabilistic analysis [1] , [23] and finite element method [17] , [19] but without a practical suggestion how to apply them in the design process. The paper presents the global procedure for obtaining a quantitative estimation of plastic rotation capacity of stiffened beam-to-column end-plate connection with the use of advanced FEM analysis. In the analyzed exemplary joint, column was made from the profile HEB300 and the beam from the profile HEA360. The main variable factors in the analysis are the following: horizontal distance between the fasteners "w" (120÷180 mm), distance from the top surface of upper flange to the axis of bolts "cg1" (50÷90 mm) and end-plate thickness "tp" (10÷20 mm).
Among many others, the following definition of joint rotation capacity is proposed: this is the rotation angle of joint, which can be achieved without the decrease of joint resistance. This is shown in a graphical representation in Fig. 1 . According to this definition, it is possible to determine the maximum available rotation angle of a joint. 
ALGORITHM OF ROTATION CAPACITY DETERMINATION
Rotation capacity was assess by using following procedure: -For selected type of connection the parametric study was carried out. In this analysis, three variable factors which have the greatest influence on the rotation capacity are identified. Scopes of variable factors, established in practically used ranges, were shown in Fig. 3 . -Constant factors are established such as: the grade of steel elements, the standard and class of bolts, -The theory of experiment design is adopted to find approximation function for rotation capacity by the numerical simulation [21] . In the analyzed case, for the three variable factors, Hartley's plan PS/DS-P:Ha3 based on hypersphere with 11 combinations of variable factors was selected (see Table 1 ),
-Fully validated by hierarchical validation procedures [18] FEM software was used to conduct numerical experiment for chosen geometrical parameters of joints, -The results obtained in the numerical experiment were used for the determination of the available rotation angle function with the use of regression analysis. The function of the maximal rotation angle was defined as a polynomial function as below: tests. In order to obtain similar results, the FEM model adjustment is necessary. Adjustment of models is reached by a hierarchical validation method [5] , [6] , [18] , [22] in the comparative analysis of models with different level of complexity with the results of laboratory tests (Fig. 2) . Hierarchical validation has been conducted in the following steps [18] : -the first and the basic is to carry out laboratory tests of materials used to make these joints [10] , [18] . The tests are performed on specimen material of beams, columns and end -plates, -then, the laboratory tests are performed on bolt -washer -nut sets [12] , [13] .
In this test, the strains of particular bolt elements were measured, -in the next step experimental tests were conducted for T-stubs and for whole joint, -the next step is to carry out a multi-stage, hierarchical validation of the FEM models. This validation consists in a comparison of laboratory tests' results with the results obtained in the FEM analysis. This process enables models'
calibration. Material sample, bolt-washer-nut set, T-stub and complete joint model has been modelled and compared with laboratory own test results.
NUMERICAL MODEL OF JOINT

Joint components
The determination of the function describing the rotation angle of a bolted endplate beam-to-column connection was made on the basis of FEM analysis for an isolated joint, for which the response surface of rotation angle is defined on the basis of the plan of the numerical experiment. The function of the rotation angle was determined in relation to the above mentioned basic variables, whose location is shown in Fig. 3 . The analysis was carried out with the use of Ansys software. For numerical model (Fig. 4) building the hexagonal, 8-node, cubic finite elements were used. The washers were modelled as separate elements. Bolt's shank was joined with the nut and bolt's head. In the model of washer, 3 layers of finite elements and the division into 48 elements were introduced (Fig. 5b) . In the area where the thread connects to the nut, mesh density was increased to the size of 1 mm (Fig. 5a ). In end -plate 6 layers of finite elements were introduced and adequately in the column in the area of contact with the plate. In order to increase the efficiency of calculations, the model of a half of the joint was made, with the use of symmetry with respect to a central plane of the system. In every joint's component, mesh density of finite elements was introduced in reference to local stresses and strains. The mesh size of finite elements in the initial phase of analysis was created with the use of the adaptation method. For the creation of bolt's model 8-node, cubic elements were also used.
Modelling of contact surface
The contacts between particular joint elements were created as nonlinear with the friction factor assumed for the surface in a natural condition with the value of =0.2. Contact surfaces were introduced in the areas of contact between: end plates, washer -end plate, washer-nut, washer-head of the bolt (Fig. 6c) . Additionally, radial surfaces between bolt hole and bolt shank and thread were introduced in the model (Fig. 6b) . The last from mentioned contacts create boundary conditions to support the bolt that rests on the inner surface of the plate's hole caused by a large joint gap. A specific type of contact surface which has been introduced into the FEM model is shown in Fig. 6a . In the initial stage of joint deformation, the side surface of the washer and the upper surface of the plate have no contact, but with a large gap in the joint they interact between each other, and plate surface is the support for the washer. Introducing such contact surface is dictated by possible occurrence of non-coinciding the FEM model caused by penetrating objects.
Methodology of load applying on the model
In the research plan the FEM model was loaded by introducing of displacement at the end of the cantilever. The values of the displacement were experimentally set in such a way that we obtain the maximal angle, at which the tangent to a curve of response rotation angle has an inclination equal to 0. The displacement was introduced in 50 steps. Bolts' pretensioning was defined as a separate, first step.
Due to the prestressing of the fasteners, the thread flexibility was neglected.
The bolt prestressing to the force Fp,C = 175 kN was executed by the application of the compression force to the lateral surface of the shank. In Fig. 7 the system of support and load location in the FEM model is shown. Fig. 7 . FEM model -location of supports and loads 
RESULTS ANALYSIS
Results of the FEM analysis [20] of eleven geometrical join arrangements are shown in Fig. 8 . 
SUMMARY
The introduction of material characteristics into advance FEM analysis as a result of the multi -stages hierarchical validation is the essential condition for obtaining of reliable results of the FEM analysis. The obtained results of the analysis clearly show the trend of achieving the maximal rotation angle cu resulted from the decreasing of bolt's load capacity, regardless of the failure modes acc. to EN 1993-1-8 existing in the connection. In connections in which the first failure mode occur the forces are regrouped which results in developing the "membrane" effect. The end -plate along with progressive rigidity degradation goes from a bending state into a membrane state, which does not have its analytical (quantitative) reference. Proposed in the standard EN 1993-1-8 component method in the area of forecasting rotation capacity has been not fully developed which encourages discovering other, alternative, but possible and reliable methods of estimation of joint rotation capacity in steel structures. Presented procedures will be used in the creation of more general formulas including other beam and column section. Such formulas can be used in design practice. Obtained results of values of rotation capacity allows designer to estimate safety of applied joints and whole structure.
